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Inhibition of endothelial cell
survival and angiogenesis
by protein kinase A

See the related Commentary beginning on page 913.

Semi Kim, Manjiri Bakre, Hong Yin, and Judith A. Varner
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Receptors for the provisional ECM are important regulators of angiogenesis. One of these receptors, inte-
grin a.5P1, plays a critical role in tumor- and growth factor-induced angiogenesis, because antagonists
of this integrin potently inhibit angiogenesis and tumor growth. Here we show that the integrin 0531
promotes endothelial cell survival during angiogenesis in vivo by suppressing the activity of protein
kinase A (PKA). Antagonists of integrin 0531 activate PKA, which then leads to the activation of caspase-
8 and induction of apoptosis. Direct activation of PKA by cAMP or by expression of the PKA catalytic
subunit also induces endothelial cell apoptosis, resulting in angiogenesis inhibition in vivo. Our stud-
ies indicate that ligation of integrin 0,531 during angiogenesis suppresses an apoptotic program that is
dependent on PKA. These studies also indicate that induction of endothelial cell apoptosis in vivo by
genetic or pharmacological activation of PKA may be a useful strategy to inhibit angiogenesis.

J. Clin. Invest. 110:933-941 (2002). doi:10.1172/JC1200214268.

Introduction

New blood vessels develop from preexisting vessels (1)
or from circulating endothelial progenitor cells (2) in
response to growth factors and/or hypoxic conditions
(angiogenesis). Angiogenesis promotes embryonic
development, wound healing, and the female repro-
ductive cycle (1), as well as solid tumor cancer, neovas-
cular eye disease, psoriasis, and rheumatoid arthritis
(1). While growth factors are required to elicit new
blood vessel growth, adhesion to provisional ECM pro-
teins such as fibronectin, vitronectin, and fibrinogen is
required for endothelial cell survival, proliferation, and
motility during new blood vessel growth (3-8).

The integrin family of ECM receptors mediates not only
cellular adhesion to and migration on the ECM proteins
found in intercellular spaces and basement membranes,
but also cell survival (9-19). Prevention of cell attachment
to the ECM induces a form of apoptosis termed anoikis
in primary cells and some tumor cells (9-19). However,
some integrin antagonists can also suppress cell survival
in cells that are still attached to the ECM by other adhe-
sion proteins. For example, antagonists of the integrin
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owp3 inhibit angiogenesis in vivo, even though endothe-
lial cells remain attached to the ECM through integrins
aS5B1 and owPS (4, 6). Similarly, unligated integrin o531
inhibits tumor cell survival and proliferation in vitro and
in vivo, even when tumor cells adhere to the ECM
through other integrins (20-22). Thus, integrins play key
roles in the regulation of cellular survival.

Integrins also regulate vascular development and
angiogenesis (4, 6-16). Antagonists of integrin avB3
inhibit tumor angiogenesis and growth by causing
endothelial cells in tumors, but not in normal tissues,
to die (4, 6). Fibronectin and its receptor integrin a.531
also regulate angiogenesis (17). Integrin 0.5 1 expres-
sion is upregulated on human tumor vasculature in
many tumots and in healing wounds (17-18). Growth
factor and tumor-induced angiogenesis, as well as
tumor growth, are inhibited by antagonists of o531
(Ab’s, cyclic peptides, and small organic molecules) and
by Ab antagonists of fibronectin, the major ligand for
aS5B1 (17, 19). Loss of the gene encoding the o5 sub-
unit is also embryonic lethal and is associated with vas-
cular and cardiac defects (23-25). Integrin ot5B1 thus
plays a vital role in angiogenesis.

The mechanisms whereby integrin 051 antagonists
block angiogenesis are unknown. We show here that
antagonists of 05B1 inhibit endothelial cell survival in
vitro and in vivo without affecting cell attachment to the
ECM. Perturbing 051 ligation activates cAMP-depend-
ent kinase, protein kinase A (PKA), which then activates
an initiator (caspase-8), but not a stress-mediated (cas-
pase-9) apoptotic pathway. Integrin 051 antagonists
thereby suppress cell survival in vitro and during angio-
genesis in vivo in a PKA-dependent manner. These stud-
ies reveal a novel and important mechanism whereby
integrin antagonists induce cell apoptosis and regulate
key in vivo processes such as angiogenesis.
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Methods
General. Anti-a.5B1 and anti-021 were from Chemicon
International (Temecula, California, USA). Anti-awvf3,
anti-MHC, and N1-green fluorescent protein (N1-GFP)
vector were from David Cheresh (The Scripps Research
Institute, La Jolla, California, USA). Anti-caspase Ab’s
were from New England Biolabs Inc. (Beverly, Massa-
chusetts, USA). Anti-poly (ADP ribose) polymerase
(PARP) and FITC-annexin V were from PharMingen (San
Diego, California, USA). Fibronectin and collagen I were
from Collaborative Biomedical Products (Bedford, Mass-
achusetts, USA). Vitronectin was purified from outdat-
ed human plasma by denaturing heparin-Sepharose
chromatography as described (26). Poly-L-lysine was
from Sigma-Aldrich (St. Louis, Missouri, USA). HA1004
was obtained from Biomol Research Laboratories (Ply-
mouth Meeting, Pennsylvania, USA). Caspase inhibitors
and activity assays were from Calbiochem-Novabiochem
Corp. (La Jolla, California, USA). Ten-day-old chicken
embryos were from McIntyre Poultry (Ramona, Califor-
nia, USA), and bFGF was from Genzyme Pharmaceuti-
cals (Cambridge, Massachusetts, USA). Human umbili-
cal vein endothelial cells (HUVECs), endothelial basal
medium (EBM), defined endothelial growth medium-2
(EGM-2) (EBM + bFGF, VEGF, and no serum), and
endothelial growth medium (EGM) (EBM + bFGF,
VEGEF, and 2% serum) were from Clonetics Corp. (San
Diego, California, USA). PKA catalytic (PKA.) and muta-
tionally inactive (dnPKA) cDNAs were from Susan Taylor
and Renate Pilz (University of California, San Diego, Cal-
ifornia, USA), respectively. The cDNAs were subcloned
into topoTA-pcDNA 3.1 V5/His according to manufac-
turer’s directions (Invitrogen Corp., Carlsbad, California,
USA). HUVECs were cultured in EGM. All statistical
analyses were performed using the Student ¢ test.

Annexin V-FITC staining. Culture plates were coated
with 10 pg/ml of fibronectin, vitronectin, collagen, or
poly-L-lysine at 4°C for 16 hours and blocked with
denatured BSA. Plates were also coated with 25 pg/ml
goat anti-mouse IgG (Southern Biotechnology Associ-
ates Inc., Birmingham, Alabama, USA) at 37°C for 2
hours, rinsed, blocked with denatured BSA, and then
incubated with 10 pug/ml anti-a5B1 or control IgG
(anti-MHC) at 4°C for 16 hours. HUVECs were incu-
bated on plates in the presence or absence of 10 ug/ml
anti-oSP1, anti-owP3, anti-a2B1, or isotype-matched
anti-MHC in defined endothelial growth medium con-
taining bFGF and VEGF for 0-24 hours. In some exper-
iments, HUVECs were incubated with Ab’s and 100 uM
caspase-3, -8, or -9 inhibitors or vehicle control (0.5%
DMSO). Cells were then incubated with FITC-annexin
V for 15 minutes at room temperature in the dark.
Washed cells were fixed in 1% paraformaldehyde, then
incubated in 4’,6-diamidine-2-phenylindole dihy-
drochloride (DAPI). The percentage of annexin-positive
cells in five microscopic fields was determined at X200
magnification by fluorescence microscopy.

Apoptosis assays. HUVECs were incubated on ECM or
Ab-coated plates for 0-24 hours. DNA fragmentation

was detected by agarose gel electrophoresis as
described (27). Alternatively, HUVECS on plates were
lyzed with RIPA buffer (100 mM Tris, pH 7.2, 150 mM
NaCl, 1% deoxycholate; 1% Triton X-100, 0.1% SDS)
(19) on ice. Lysates were electrophoresed on 8% SDS-
PAGE gels and immunoblotted with anti-PARP, —cas-
pase-3, —caspase-9, —cleaved caspase-3, or -cleaved cas-
pase-9 Ab’s. Immunoreactive bands were identified by
chemiluminescence and quantified by densitometry.
Caspase-3 and -8 activities were determined in cell
lysates according to manufacturer’s instructions (Cal-
biochem-Novabiochem Corp.).

Role of PKA in cell survival. HUVECs were plated for 24
hours on ECM protein-coated plates in the presence of
anti-ovp3 or anti-a5Pl, 1 uM HA1004 (a PKA
inhibitor), and anti-owvB3 or anti-o5B1 with 1 uM
HA1004. Cells were stained with FITC-annexin V or
immunoblotted with anti-cleaved caspase-3 Ab’s as
described above. HUVECs (5 x 10°) were electroporated
in 300 ul of EGM with 30 ug of DNA (20 pg dnPKA or
PKA plasmids, 2 pg N1-GFP, and 8 ug pBluescript) at
300V, 450 UF, as described previously (28). Expression
of transgenes was determined by Western blotting of
cell lysates with anti-V5 and anti-GFP Ab’s. Transfection
efficiency was quantified by determining the percentage
of cells that were cotransfected with GFP expression vec-
tors. Eighty percent transfection efficiency was general-
ly achieved using this electroporation method.

Chick chorioallantoic membrane angiogenesis assay. Chick
chorioallantoic membrane (CAM) assays were performed
as described (17). Saline or bFGF-stimulated CAMs were
treated for 24 hours with 20 ug anti-051, anti-owvfB3, or
control Ab’s and then injected intravenously with 50 pl
annexin V-FITC. CAMs were harvested after 2 hours, then
analyzed by confocal microscopy. Alternatively, CAMs
treated as above were excised, minced on ice, and treated
with 0.1% dispase/0.1% collagenase for 1 hour at 37°C.
Single-cell suspensions were incubated with FITC-annex-
in V and analyzed as described above. The bFGF-stimu-
lated CAMs were also treated with anti-o5p1 or anti-
owp3 in the presence or absence of 500 UM caspase-3, -8
or -9 inhibitors. The bFGF-stimulated CAMs were also
transfected with 4 ug N1-GFP, dnPKA, or PKA,; expres-
sion plasmids. Freshly excised CAMs were homogenized
in ice-cold RIPA buffer containing protease inhibitors
and immunoblotted to detect intact and cleaved caspase-
3 or -8. For all treatment groups, # = 10. CAMs were fixed
with 3.7% paraformaldehyde prior to excision. The aver-
age number of blood vessel branch points per treatment
group plus or minus SEM is presented. Some excised
CAMs were cryopreserved, cut into S-um sections,
immunostained with anti-cleaved caspase-3, anti-cleaved
caspase-8, and anti-vFW Ab’s (to detect blood vessels).
CAMs were also stained by the TUNEL method to detect
fragmented DNA.

Results
Integrin o5 B1 promotes endothelial cell survival in vitro and in
vivo. Antagonists of aSB1 and fibronectin inhibit
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growth factor and tumor-induced angiogenesis (17, 19).
Because integrins have been shown to promote cell sur-
vival, we examined the roles of @5B1 and fibronectin in
endothelial cell survival. Endothelial cells (HUVECs)
cultured on poly-L-lysine (which mediates nonspecific
cell attachment to the substratum) and fibronectin sub-
strates were analyzed for the binding of annexin V, a
Ca?*-dependent phospholipid-binding protein that
binds to apoptotic cells with exposed phosphatidyl ser-
ine (29). HUVECs attached to fibronectin bind little
annexin V, whereas over 85% of cells on poly-L-
lysine-coated plates bound annexin V (Figure 1la,
P =0.01). Additionally, lysates from HUVECs cultured
in suspension or on poly-L-lysine and fibronectin were
immunoblotted for PARP, an enzyme involved in DNA
repair that is cleaved by caspase-3 during the early stages
of apoptosis to produce 85-kDa and 2-kDa fragments,
resulting in loss of normal PARP function (30, 31). Cells
in suspension or attached to poly-L-lysine displayed sig-
nificant PARP cleavage, while cells attached to
fibronectin showed little PARP cleavage (Figure 1b,
P =0.006). Similarly, attachment to fibronectin, but not
poly-L-lysine, protects HUVECs from DNA fragmenta-
tion associated with apoptosis (Figure 1c, P = 0.0001).
These studies indicate that fibronectin attachment pro-
motes the survival of proliferating endothelial cells.

To determine if integrin o5B1 is the fibronectin
receptor supporting HUVEC survival in vitro, HUVECs
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were cultured on surfaces coated with anti-a.5B1 or
control Ab’s. Immobilized anti-integrin Ab’s cluster
integrins, thereby acting as agonists (6, 32). Cells
attached to surfaces coated with Ab’s directed against
o5B1 bound little annexin (Figure 1d, P=0.001) and
thus remained viable. In contrast, more than 75% of
cells attached to control Ab’s were annexin positive.
Cells attached to a5B1 Ab-coated surfaces also showed
significantly less PARP cleavage (Figure le, P = 0.007)
and DNA fragmentation (Figure 1f, P = 0.003) than
cells attached to control Ab’s. These results indicate
that o.5B1 promotes endothelial cell survival.
Antagonists of integrin 0.5B1 block angiogenesis in
vivo but have no effect on unstimulated blood vessels
(17). To determine if these antagonists induce endothe-
lial cell apoptosis during angiogenesis in vivo, CAMs
were stimulated with bFGF, treated with saline, func-
tion-blocking anti-a.5f1 Ab’s, and isotype-matched
control Ab’s, and then analyzed for markers of apopto-
sis. Intravenous injection of fluorescently labeled
annexin V demonstrated that 0581 antagonists induce
endothelial cell apoptosis in vivo. Anti-at5B1 Ab’s, but
not saline or control Ab’s, induced annexin V staining
of blood vessels in living CAMs, indicating that a.531
regulates survival in vivo of proliferating endothelial
cells (Figure 2a). In fact, vessels in anti-a.5B1-treated
CAMs bound eight times more annexin V than control-
treated CAMs (Figure 2b, P = 0.015). These anti-a.531
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Figure 1

Fibronectin and integrin o531 support endothelial cell survival. (a-c) HUVECs were maintained in suspension (SUS) or on fibronectin-coat-
ed (Fn) or poly-L-lysine-coated (PLL) plates. (a) The percentage of annexin V-positive cells on poly-L-lysine- or fibronectin-coated dishes
was determined at regular intervals from 0 to 8 hours. (b) Cell lysates prepared after 4 hours of attachment were immunoblotted to detect
intact (116 kDa) and cleaved PARP (85 kDa). The ratio of intact to cleaved PARP was determined by densitometry. Cl., cleaved. (¢) Soluble
DNA extracted from cells attached to poly-L-lysine or fibronectin was electrophoresed on 1.6% agarose gels. Relative DNA cleavage was
determined by densitometry. (d-f) HUVECs were plated on fibronectin, anti-at5B 1, or control Ab-coated plates. (d) The percentage of annex-
in V-positive cells was determined from 0 to 8 hours. (e) Cell lysates were immunoblotted to detect intact and cleaved PARP. (f) DNA frag-
mentation was evaluated as in c. clgG, control immunoglobulin.

The Journal of Clinical Investigation | October2002 | Volume110 | Number?7 935



bFGF Saline (o}

Anti-VWF Anti-cl.csp3 Merge

+ Anti-a581

Saline Saline Anti- clgG

ﬂ 50

o .

D 40 + Anti-avp3
£

& 30

c

& 20

pY + clgG
2 T

©

= _

) -

bFGF +
clgG

bFGF +
anti-o5p1

bFGF

clgG

N
o

Percent annexin
positive cells in vivo

Anti-a531 Anti-

o5B1

Anti-
avp3

(relative units)
o
(¢}

Saline clgG

0
Saline clgG  Anti-
o5B1

DNA fragmentation

Figure 2

Integrin a.5B1 supports endothelial cell survival during angiogenesis in vivo. (a) CAMs were stimulated with bFGF or saline and then treat-
ed for 24 hours with saline, anti-at51, and control Ab’s. CAMs were then injected with 50 ul FITC-annexin V, harvested 2 hours later, and
analyzed directly by confocal microscopy. (b) Green pixels (annexin V positive) present per optical section were quantified. (c) CAMs treat-
ed as in a were cryosectioned and immunostained with anti-cleaved caspase-3 (anti-cl.csp3) (green) and anti-vWF (red). Cleaved caspase-
3-positive blood vessels are yellow (arrows). (d) CAMs treated as in a were cryosectioned and immunostained with anti-vWF (red) and for
DNA fragmentation (TUNEL staining, green). Arrows indicate blood vessels. Yellow structures are apoptotic blood vessels. (e) Soluble DNA
isolated from CAMs treated as in a was electrophoresed on 1.6% agarose gels. Molecular-weight markers are 1-kb DNA ladders. Relative
DNA cleavage was determined by densitometry. (f) Individual cells isolated from CAMs treated as in a were stained with FITC-annexin V.
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Ab’s were shown previously to react with a5f1 on
chicken endothelial cells and to block its function in
vitro and in vivo (17). Because a.5B1 is only expressed
at significant levels on proliferating endothelial cells
(17), a5B1 function-blocking Ab’s target proliferating
endothelial cells. Because peptide and small molecule
antagonists of 5B1 also inhibit angiogenesis (17) and
induce apoptosis (not shown), Ab-mediated comple-
ment activation is not likely to play a significant role in
this apoptosis induction. Thus, these results suggest
that integrin a.5B1 antagonists induce endothelial cell
apoptosis in vivo.

To determine further whether a5SB1 antagonists
cause apoptosis in vivo, sections of CAMs were analyzed
for the expression of cleaved caspase-3 in blood vessels
(Figure 2¢, P =0.01). Cleavage of caspase-3 into 17- and
12-kDa fragments is an indication of caspase-3 activa-
tion; the amount of cleaved caspase-3 is a quantitative
index of apoptosis induction. Ab’s directed against
mammalian caspases cross-react with avian caspases,
because avian caspases exhibit 65% overall sequence
identity and 100% activation domain sequence identity
with mammalian caspases (33). Treatment with either
o5B1 or awfP3 antagonists induces caspase-3 cleavage
(green) in blood vessels (red) in growth factor-stimu-
lated CAMs. Antagonists of a5B1 but not control Ab’s

also induce DNA fragmentation in bFGF-stimulated
endothelial cells, as evaluated by TUNEL staining (Fig-
ure 2d) and by analysis of DNA fragmentation of
agarose gels (Figure 2e, P = 0.003). Furthermore, isolat-
ed cells from CAMs treated with a.5B1 and o3 func-
tion-blocking Ab’s bound significantly more FITC-
annexin V than in cells from control CAMs (Figure 2f,
P =0.0002 and 0.003, respectively). These studies defin-
itively show that a5B1 antagonists induce endothelial
cell apoptosis during angiogenesis.

Unligated integrin a5B1 induces apoptosis in adberent
endothelial cells. To determine how a.5B1 antagonists
interfere with cell survival during angiogenesis, prolif-
erating HUVECs in complete culture medium were
plated on poly-L-lysine-, fibronectin-, vitronectin-, or
collagen-coated culture plates in the presence of Ab
antagonists of integrins o531, owf3, or a2B1 for 24
hours. Cells were then stained with FITC-annexin V.
While fibronectin and vitronectin promote the survival
of proliferating endothelial cells (Figure 3, a and c), col-
lagen does not (ref. 34; data not shown). Integrin antag-
onists that block cell attachment to the substratum
(Figure 3, b and d) induce apoptosis, or anoikis, in
endothelial cells (Figure 3, a and c). For example, antag-
onists of 5B 1 induce apoptosis on fibronectin (Figure
3a, P=0.001), while antagonists of oawP3 induce apop-
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Unligated integrin a.5B1 regulates endothelial cell survival. HUVECs
were plated on poly-L-lysine-coated, fibronectin-coated (a and b), or
vitronectin-coated (c and d) culture plates in culture medium (med) or
culture medium containing anti-o.581, anti-avB3, anti-0231 Ab’s. After
1 hour, cell attachment was determined (b and d). After 24 hours, the
percentage of FITC-annexin V-positive (a and c) cells was determined.
(e) HUVEC:s plated on vitronectin-coated plates in the presence of func-
tion-blocking anti-0.531 or control Ab’s were collected at regular inter-
vals from 0 to 8 hours and PARP cleavage assessed by Western blotting.
Relative PARP cleavage levels were determined by densitometry.

tosis on vitronectin (Figure 3¢, P = 0.02) by blocking
cell attachment to the substratum.

In vivo, however, anoikis induced by loss of attach-
ment to the ECM is unlikely to occur because endothe-
lial cells are attached to multiple matrix proteins
through multiple integrins at any one time. Therefore,
we also examined the ability of integrin antagonists to
induce apoptosis in cells that remain attached through
other integrins. In fact, a5B1 antagonists induce apop-
tosis of cells on vitronectin (Figure 3¢, P = 0.05) with-
out affecting their attachment to vitronectin (Figure
3d). Anti-a.5B1, but not control Ab’s, also induce PARP
cleavage in HUVECs plated on vitronectin substrates
(Figure 3e, P = 0.003). Thus, unligated a.5B1 inhibits
endothelial cell survival on provisional matrix proteins
such as fibronectin and vitronectin. These studies indi-
cate thatintegrin a.5B1 provides critical survival signals
to proliferating endothelial cells such as those partici-

pating in angiogenesis. These studies indicate that
integrin 05B1 can directly and indirectly regulate sur-
vival of proliferating endothelial cells.

Unligated integrin aSP1 activates a caspase-8—mediated
apoptosis pathway in vitro and in vivo. To determine the
nature of the cell death pathway induced by o531
antagonists, endothelial cells were plated on ECM pro-
tein-coated culture plates in the presence of integrin
antagonists and caspase inhibitors or vehicle control
(0.33% DMSO). Cell death induced by anti-a.5B1 Ab’s
was blocked by caspase-3 inhibitors, whether the cells
were attached to fibronectin (P = 0.0005, Figure 4a) or
vitronectin (P = 0.02, Figure 4b). Cell attachment to
poly-L-lysine rapidly activated caspases-3 and -8 while
attachment to vitronectin did not (Figure 4, c and d).
Anti-a5B1 Ab’s but not control Ab’s also activated cas-
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Figure 4

Unligated integrin 0531 induces caspase-3 and -8, but not -9, acti-
vation. HUVECs were plated on (a) fibronectin-, (b) vitronectin-, or
(aand b) poly-L-lysine-coated culture plates in the presence of anti-
a5B1 Ab’s and 50 uM z-DEVD-fmk (caspase-3) or z-IETD-fmk (cas-
pase-8) inhibitors or vehicle control (0.33% DMSO) for 24 hours.
The percentage of annexin V-positive cells was then determined.
inhib, inhibitor. (¢ and d) Caspase-3 and -8 activities were deter-
mined in HUVECs plated on vitronectin-coated or poly-L-lysine-coat-
ed plates in the presence of culture medium, anti-a531, or control
Ab’s. (e) Cell lysates were immunoblotted with anti-caspase-3 and
anti-cleaved caspase-3 Ab’s. Relative caspase-3 cleavage was deter-
mined by densitometry. (f) Cell lysates were immunoblotted with
anti-caspase-9 and anti-cleaved caspase-9 Ab’s.
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Integrin antagonists induce caspase-3- and -8-dependent apoptosis
in vivo. (a-d) CAMs stimulated with saline or bFGF were treated with
2.5% DMSO (vehicle control), anti-a.531, or anti-a.531 with 500 uM
caspase-3 (a and b) or caspase-8 (c and d) inhibitors. (a and ¢)
Blood vessel branch points were quantified after 48 hours. (b and d)
Caspase-3 and -8 cleavage was evaluated by Western blotting with
(b) anti-cleaved caspase-3 or (d) anti-cleaved caspase-8 Ab’s and
anti-actin Ab’s. (e) Cryosections of CAMs treated as in a-d were
immunostained for vWF expression (red) and to detect DNA frag-
mentation (TUNEL staining, green). Arrows indicate blood vessels.
Apoptotic vessels appear yellow.

pase-3 and -8 (P =0.0001 and P = 0.002, respectively) in
cells attached to vitronectin (Figure 4, ¢ and d) and
fibronectin (not shown). Caspase-3 cleavage was also
readily detected in cells treated with anti-a.5B1 but not
control Ab’s (P =0.01, Figure 4e). In contrast, caspase-9
cleavage was not detected in cells treated with a5B1
antagonists (Figure 4f). These studies show that inte-
grin a.5P1 antagonists induce a proapoptotic pathway
in proliferating endothelial cells that results from acti-
vation of initiator caspases (8) rather than stress caspase
(9) pathways. These results also indicate that blocking
05B1 ligation induces caspase-8- and -3-mediated
death even when cells are still attached to provisional
matrix ligands through other integrins.

Our studies show that integrin-mediated survival
depends on suppression of caspase-3 and -8 activity in

vitro. As 05P1 antagonists block angiogenesis in vivo,
these antagonists may induce caspase-3 and -8 activation
in vivo. CAMs stimulated with bFGF were treated with
saline, vehicle control (DMSO), caspase-3 or -8
inhibitors, and anti-integrin Ab’s in the presence or
absence of caspase inhibitors. Angiogenesis was inhibit-
ed by anti-0.531 Ab’s (Figure 5, a-d); this inhibition was
partially reversed by cell-permeable caspase-3 inhibitors
(P = 0.04, Figure Sa) and fully reversed by caspase-8
inhibitors (P =0.05, Figure 5c). Caspase-3 inhibitors par-
tially blocked caspase-3 activity in vivo (Figure 5b), while
caspase-8 inhibitors completely blocked its activity in
vivo (Figure S5d). Furthermore, caspase-3 and -8
inhibitors prevented in vivo endothelial cell DNA frag-
mentation induced by 0.5B1 inhibition (Figure Se). Cas-
pase-9 inhibitors had little effect on angiogenesis (not
shown). Caspase inhibitors alone had no eftect on angio-
genesis or on unstimulated CAMs. These results indicate
that a.5PB1 antagonists activate caspases-8 and -3 in vivo,
thereby inhibiting angiogenesis.

Unligated integrins induce PKA-dependent apoptosis. Inte-
grin ligation activates signaling pathways that promote
cell migration, proliferation, and survival. Typically, inte-
grin-mediated signaling is characterized by increases in
tyrosine phosphorylation of signaling intermediates
such as focal adhesion kinase, src, and ERK family mem-
bers. However, integrin ligation also suppresses the acti-
vation of at least one kinase, PKA (19). Importantly, we
found that integrin ligation suppresses PKA activation,
while antagonists of integrins activate this enzyme (Fig-
ure 6a). Notably, antagonists of integrin 0531 activate
endothelial cell PKA whether endothelial cells are plated
on fibronectin or on vitronectin (Figure 6a). Therefore,
we investigated the contribution of PKA to integrin-
mediated cell death. We found that a pharmacological
inhibitor of PKA, HA1004, substantially suppressed the
apoptosis induced by integrin antagonists anti-avf33
(P=0.05) or anti-0.5B1 (P = 0.05) in cells attached to vit-
ronectin, as detected by annexin V binding to intact cells
(Figure 6b). PKA inhibitors also blocked caspase-3 cleav-
age induced by anti-o5B1 (P = 0.002, Figure 6¢). Expres-
sion of dnPKA, but not a control transgene (GFP), also
prevented integrin antagonist-induced cell death
(P =0.004; Figure 7, a and b). More than 80% of cells
expressed the transgene, which was also detected by
Western blotting (Figure 7d). These studies indicate that
both direct (anoikis) and indirect integrin antago-
nist-mediated cell death is PKA dependent.

PKA activation induces endothelial cell apoptosis in vitro and
in vivo. Our studies show that inhibition of PKA sup-
presses integrin antagonist-induced cell death. To
determine whether activation of PKA directly induces
endothelial cell death, endothelial cells were treated
with dibutyryl cAMP or were transiently transfected
with the active, catalytic subunit of PKA. Both cAMP
and expression of the catalytic subunit of PKA signifi-
cantly induce apoptosis (P =0.009 and P = 0.003, respec-
tively) in endothelial cells in vitro (Figure 7c). Thus, PKA
directly induces apoptosis in endothelial cells.

938 The Journal of Clinical Investigation |

October 2002

| Volume110 | Number?7



a 24 Fibronectin Vitronectin

8
<
X
o
(]
=
©
0]
o

PLL Med Anti- Anti- Med Anti- Anti- Anti-

a5B1 o2B1 a5Bl avp3 o2pl1

Vitronectin

Relative annexin
positive cells

T
X
>

Anti-o5B1

Anti-ovp3

-

Cl. caspase 3
S ———— Caspase 3

()
20
Qo
28 10
(7]
B
E _ 0.5
o 2
s o
Med Med PKA  Anti- PKA inhib.
inhib.  o5B1 + anti-o5p1
PLL Vitronectin
Figure 6

Unligated o5 1-mediated death is PKA dependent. (a) PKA activity
was measured in HUVECs attached to poly-L-lysine, fibronectin, or
vitronectin in the presence or absence of integrin antagonists. (b)
HUVECs were plated on vitronectin-coated or poly-L-lysine-coated
culture plates in the presence or absence of anti-0.531 or anti-owvf3
Ab’s, a selective PKA inhibitor (1 UM HA1004), or anti-integrin Ab’s
in combination with T UM HA1004. After 24 hours, the percentage
of FITC-annexin-positive cells was determined. (c) Cell lysates from b
were immunoblotted with anti-caspase-3 and anti-cleaved caspase-
3 Ab’s. Relative caspase-3 cleavage was determined by densitometry.

To determine whether PKA plays a role in the negative
regulation of angiogenesis in vivo, bFGF-stimulated
CAMs were transfected with expression plasmids encod-
ing GFP and dnPKA and treated with o531 Ab’s. While
05B1 antagonists block angiogenesis (Figure 8a,
P =0.004), dnPKA reverses this inhibition (Figure 8a,
P=0.02). Expression of dnPKA also prevents 0,531 antag-
onist-induced DNA fragmentation in vivo as detected by
TUNEL staining (Figure 8b) and inhibits activation of
caspase-3 and -8 in vivo (Figure 8c). Since integrin antag-
onists induce PKA-dependent apoptosis in vivo, direct
activation of PKA may also inhibit angiogenesis. Expres-
sion of the PKA catalytic subunit during angiogenesis in
vivo completely suppresses angiogenesis (P = 0.0005), as
does exposure to cAMP (P = 0.001, Figure 8d). VEGF-
stimulated angiogenesis is also inhibited by activation of
PKA (data not shown). This inhibition results from apop-
tosis induction, because it is accompanied by DNA frag-
mentation detected by TUNEL staining (Figure 8¢) and
caspase-3 cleavage in vivo (Figure 8f). The expression of
transgenes could be demonstrated in endothelial cells in
vivo by immunohistochemical staining for the presence

of His-tagged proteins (Figure 8g). Thus, activation of
PKA by integrin antagonists, by cAMP, or by expression
of the catalytic subunit of PKA induces endothelial cell
apoptosis and inhibits angiogenesis.

These studies demonstrate that the unligated integrin
o5B1 induces endothelial cell apoptosis in vivo in a
PKA-dependent manner, thereby inhibiting angiogene-
sis. These studies demonstrate that activation of PKA by
unligated integrins is an essential step in the induction
of apoptosis. Importantly, our studies demonstrate that
direct activation of PKA in vivo induces endothelial cell
apoptosis and inhibition of angiogenesis.

Discussion
During normal embryonic development and during
adult tissue repair processes, unwanted cells are elimi-
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PKA negatively regulates cell survival. (a and b) HUVECs transfected
with GFP (-) or a dnPKA (+) were plated on (a) fibronectin-coated,
(b) vitronectin-coated, or poly-L-lysine-coated plates in the absence
or presence of anti-0.5B 1, anti-avP3, or anti-02f31. After 24 hours,
the percentage of annexin V-positive cells was determined. (c)
HUVECs treated with culture medium or dibutyryl cAMP (250 uM)
and HUVECs transfected with GFP or the catalytic subunit of PKA
(PKAt) were plated on vitronectin-, or poly-L-lysine-coated plates.
After 24 hours, the percentage of annexin V-positive cells was deter-
mined. (d) Expression of transgenes was detected by Western blot-
ting cell lysates with anti-GFP or anti-V5.
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PKA inhibits angiogenesis by inducing apoptosis. (a) CAMs stimulated with bFGF were transfected 24 hours later by placing 4 ug
pcDNA/V5/His dnPKA or N1-GFP expression plasmid on CAMs. CAMs were treated on the same day with saline or anti-a.531 Ab’s and were
harvested 48 hours later. Blood vessel branch points were quantified. (b) Cryosections of CAMs from a were immunostained with anti-vWF
(red) and were stained to detect fragmented DNA by the TUNEL method (green). Arrows indicate blood vessels. Apoptotic blood vessels
appear yellow. (c) Western blots of lysates prepared from CAMs treated as in a were immunoblotted with anti-cleaved caspase-3 and
anti-cleaved caspase -8, as well as anti-actin as a loading control. (d) CAMs stimulated with bFGF were treated with saline or 250 UM cAMP
or were transfected by placing 4 ug pcDNA/V5/His PKA: or N1-GFP expression plasmid on stimulated CAMs. Blood vessel branch points
were quantified 48 hours later. (e) Cryosections of CAMs from d were immunostained with anti-vWF (red) and were stained to detect frag-
mented DNA by the TUNEL method (green). Arrows indicate blood vessels. Apoptotic blood vessels appear yellow. (f) Detergent lysates pre-
pared from freshly excised CAMs from d were immunoblotted for expression of cleaved caspase-3 and actin as a loading control. (g) Cryosec-
tions of CAMs from a and d were immunostained with anti-pentaHis (red) to detect expression of His-tagged transgenes in the transfected
CAM tissue. Sections were counterstained with DAPI. Arrows indicate blood vessels.

nated by apoptosis (35). Cell death is also induced by
environmental stress, activation of death receptors, and
loss of contact with the ECM (35). Apoptosis is initiat-
ed by activation of caspases, cysteine proteins that
cleave target proteins after aspartic acid residues (36).
Initiator and stress caspases are activated by extracel-
lular stimuli and, in turn, activate effector caspases.
Effector caspases cleave important cellular proteins
such as focal adhesion kinase and p21-activated kinase,
which regulate cell shape as well as enzymes that are
important for DNA repair and nuclear integrity (36).

Integrin-mediated cell attachment promotes cell sur-
vival (37), while interruption of cell attachment induces
anoikis or detachment-induced apoptosis (38, 39). Our
studies indicate that key unligated integrins can also
induce cell death when cells are still attached to the ECM.
We show here that unligated integrin ot5P1 inhibits
endothelial cell survival and angiogenesis in ECM-adher-
ent cells by activating PKA and, subsequently, caspase-8.
In proliferating endothelial cells, a5P1 is ligated by
endothelial cell-secreted fibronectin (19, 40). Antagonists
of either a:5B1 or fibronectin inhibit a5B1 function,
thereby activating PKA and inducing cell death, even

when cells remain attached to the ECM through integrin
owvf3 or other integrins. Recent studies suggest that unli-
gated integrin avP3 actively induces apoptosis by a path-
way termed integrin-mediated death (IMD). IMD may be
initiated by the interaction of unligated integrin 3 sub-
unit cytoplasmic tails with caspase-8 (41). Our studies
indicate that unligated 0.5B1 also induces IMD and that
IMD is dependent on the activity of PKA.

Here we show that direct activation of PKA with cAMP
or by overexpression of the PKA catalytic subunit
induces apoptosis in proliferating endothelial cells and
inhibits angiogenesis. PKA activation has been implicat-
ed previously in the regulation of apoptosis in some, but
not all, transformed cells (42). In some cells, PKA phos-
phorylates and inhibits the tyrosine kinase Raf, thereby
blocking the MAP kinase pathway and inducing apop-
tosis (43). Alternatively, PKA may negatively regulate cell
survival by hyperphosphorylating Bcl-2 and suppressing
Bcl-2 binding to Bax, thus lowering the Bcl-2/Bax ratio
(44). Since integrin ligation activates Bcl-2 (45), integrin
antagonism may inhibit Bcl-2 in a PKA-dependent man-
ner. PKA activation also inhibits Akt, a prosurvival ser-
ine/threonine kinase that phosphorylates and inacti-
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vates BAD, a member of the proapoptotic Bcl-2 family
(46). Phosphorylation of BAD inhibits its association
with and inactivation of the prosurvival proteins, Bcl-2
and Bcl-x (46). Alternatively, since PKA and caspase-8 are
rapidly activated upon inhibition of integrin ligation
(19), PKA may play an early role in endothelial cell death
by activating caspase-8. Thus, PKA may negatively regu-
late one or more cell survival signaling pathways.

Unligated integrins may play important roles in sup-
pressing cell survival during tissue remodeling, such as
occurs during development, angiogenesis, and wound
healing. In these circumstances, cell viability may be
promoted when cells remain in the proper environ-
ment. Primary cells that inappropriately wander into
other microenvironments lacking the correct ECM lig-
ands would be induced to undergo apoptosis. Tumor
cells that are more resistant to apoptotic stimuli than
normal cells may escape this IMD pathway and wander
to distant environments, causing metastases. The stud-
ies presented here indicate that in primary cells, unli-
gated integrins induce apoptosis by a PKA-dependent
and caspase-8-dependent pathway.
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